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1. Introduction 

Aqueous two-phase systems arc largely used to 
purify biological macromolcculcs [ 1 ] . One of the 
most frequently used systems is obtained by mixing 
aqueous solutions of poly (ethylene glycol)* (PEC) 
and dcxtran. Better results were obtained in this 
system upon introduction of poly (ethylene glycol) 
carrying covalcntly bound charged groups (2) . Con- 
ditions for obtaining optimal separation of glycolytic 
enzymes of yeast lysatc by this procedure have been 
investigated by Johansson ct al. (3] . However, good 
separation requires the use of counter-current distri- 
bution. 

It would be of interest to investigate how specific 
ligands bound to PEG, affect the partition of proteins. 
For this purpose, p-aminobenzamidine PAB, a strong 
inhibitor of trypsin, was attached to PEG of different 
molecular weights. The preparation and some of the 
properties of these new trypsin inhibitors are described 
here. 



2. Materials and methods 

PEG 200 was obtained from Koch-Light. PEG 
2000 and PEG 9000 were obtained from Fluka. 
Trypsin, PAB and Dbbenzoylarginine p-nitroanilide 
(BAPNA) were supplied by Sigma. 
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PEG 200, 2000 and ^OOO-axj-dichloroformiates 
were prepared at room temperature by reaction of 
phosgene with PEG in toluene [4] . 

Absorption spectra were recorded with a Unicain 
SP 800 spectrophotomcter^Ext Miction coefficients 
were determined using a Zeiss PMQ II spectrophoto- 
meter. Infrared spectra were recorded with a Perkin- 
Elmer model 257 spectrometer. Melting points were 
determined on a Leitz apparatus and were not cor- 
rected. Refractive indexes of chromatography column 
effluent were determined with a Zeiss refractometcr. 
Purity of compounds was tested by gel filtration 
using columns of Sephadex G 25 or G 75. 

Trypsin activity was determined according to 
Erlanger ct al. [5] and Mares-Guia and Sh jw [6] 
using DL-BAPNA as substrate. After addition of the 
enzyme to the sample cuvette, the absorbancc changes 
were recorded at 410 nm for 3- 4 min; the slopes of 
the straight lines obtained gave the initial rates of 
reaction. 

K\ values were determined according to Dixon [7| . 

2.1 .Preparation of diamidino<t % cj-diphenylcarb4rnyl- 
poly (ethylene glycol) 200, 2000 and 9000 
(PEGPAB) 

p-Aminobenzamidine hydrochloride (350 mg; 
2 mM) was dissolved in 20 ml of 1 MNaHC0 3 solution. 
PEG200-a,cj-dichloroformiate(320ing; 1 mM) 
was added in 5 fractions in 30 min. 

After 20 hr of continuous stirring at room tem- 
perature, the mixture was adjusted to pH 3 by addi- 
tion of 5 N HCI and then evaporated to dryness in 
vacuo. The residue was extracted with anhydrous 
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methanol and the extract was concentrated to a small 
volume. Upon addition of ether, the product was 
precipitated (yield : 300 mg; 45%). The compound 
turned brownish without melting when heated above 
280°C. 

IR(KBr)cm" ! : 2900 (alkane), 1735 (amide I), 
1680 and 1 610 (amidinc). 1525 (amide II). 1150- 
1 050 (ether). UV: X 270nm:Ej^ m =380. 

PEG 2000 PAB and PEC ^000 PAB were obtained 
in a similar way but the solution was stirred for 48 hr 
and the purification was carried out in the following 
way. The methanolic extract was concentrated to 
dryness and there sidue taken up in anhydrous tetra- 
hydrofuran. Ether was added to the filtrate and the 
solution allowed to stand at - 10°C for 2 hr. The 
white material obtained was collected by filtration, 
washed with anhydrous ether and dried in vacuo. 
PEG 2000 PAB: yield : 683 : m.p. 5 1 °C 



PEG 9000 PAB: yield : 807, : m.p. 6 1 °C 

nm; - 16.5. 
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3. Results and discussion 



Fjg. 1. Absorption spectra or PAB ( J 7 *ig/ml). PEG200PAB 
(62 jig/ml), PEG 2000 PAB (192 vgfml) and Pi:G9000PAB 
(660 |ig/ml) in aqueous solution. 



PEG are almost identical. An clution diagram of 
PEG 9000 and PEG 9000 PAB on Sephadex G-75 
column is shown in fig. 2. 

Finally, the rate of hydrolysis of BAPNA by 
trypsin decreases sharply when PEGPAB is present 
in the medium indicating strong inhibition. 



3.1 . Inhibitor clwracterization 

The structure of the prepared compounds was 
proved by infrared spectroscopy, UV-absorption, gel 
chromatography and determination of inhibition 
constants. 

First, it appears from IR and UV spectra that PAB 
has been covalently bound to PEG by its primary 
amino group. IR spectra show an absorption at 1735 
and 1525 cm" 1 assignable to > CO of a carbamate 
group. They also exhibit a strong absorption at 1680 
and 1610 cm" 1 assignable to the amidine function. 
No absorption can be detected in the 1 330-1 340 cm" 1 
range, showing the absence of primary aromatic 
amino group. UV spectra of the compounds in water 
show an absorption maximum at 270 nm whereas the 
UV spectrum of PAB exhibits a strong absorption at 
290 nm (fig. 1). This blue shift is related to the sub- 
stitution of the amino group of PAB. 

Secondly, from the gel filtration and the melting 
points of the compounds, it may be concluded that 
the molecular weights of PEGPAB and of original 




•(fluent velum* 



Fig. 2. Elution diagram for the PKG9000 and the 
PEG9000PAB on a 1 X 50 cm column of Sephadex G-7S. 
0.05 M phosphate buffer pH 7.0. ♦ — * — absorbance 
at 270 nm; * — * — * ~a refractive index. 
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3.2 . Kinetic properties of inhibitors 

For the evaluation of the K, values of PECPAB 
with DL-BAFNA as a substrate, a kinetic treatment 
was developed which lakes into account the presence 
of two inhibitory sites. 

The system can be described by: 

E + S*ES-*E + P 

E+I«*EI 

EI + E^EjI. 

where the dissociation constants arc: 



r (E)(S) 
Ks = "(ES) 



A*i = 
A' 8 = 



(EX 0 
(El) 

(EIXE) 
(E,D 



(I) 
(2) 
(3) 



The concentration of ES is given by the following 
equation: 

where p is the concentration of ES, i that of Ks that 
of S and e the total concentration of E. Assuming 
that 

A* [i + 4 s(l+ ^ a 



(5) 



s* / 
the equation (4) can be solved easily, we get 
e 

and 



(6) 



V = 



(7) 



Eqs. (6) and (7) are those obtained in the case of 
an inhibition by a mono-inhibitor. Therefore, Dixon's 
graphical method can be used to obtain the K\ values. 

The experimental data are shown in flg. 3. The 
K\ values of the three PEGPAB are not very far from 
that of PAB itself. This may be explained by the fact 




1_ 

V 



100 



1*4=002 mW 



(i) h* 




Kjs0.018mVl 0.05 0.1 



(c) 




< i)mM 



Fig. 3. The competitive inhibition of trypsin by PEGPAB: 
(a) PEG200PAB, <b) PEG2000PAB, (c) PEG9000PAB. The 
concentration of DL-benzoylarginine p-nitroantiide wis 
2.3 X 10" 4 M in each of the upper curves and 3.3 X 10" 4 M 
in each of the lower curves. Trypsin concentration, 
7 X 10~ 7 M;0.05 M Tris buffer; pH 8.15. 
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that the positive charg? of the PAB still exists in the 
three new inhibitors. It is known that the effectiveness 
of cationic compounds as trypsin inhibitors is based 
to a large degree on the attraction of the positive 
charge to the anionic site of the enzyme (6). 

Under our experimental conditions (K s = 10" 3 M 
[5 J and/fj=* ICT 5 M) in eq. (5) becomes 

K\»\O^M (8) 

As A'j ^ I0" 5 M and as the same inhibitor is bound 
at each end of the PEG chain, it is obvious that eq. 
(8) is always satisfied. 

Thus, a symmetrical arrangement of the inhibitory 
group at each end of the PEG leads to a simple 
inhibitor. In other words, nearly no enzyme bound 
El to yield E 2 I. Geratz and Whitmore [8] reported 
a similar conclusion with diamidino<*xj-diphcnoxy- 
alkanes. These compounds function as reversible 
inhibitors of thrombin, pancreatic kallikrein and 
trypsin/and each molecule appears to bind only a 
single enzyme molecule. 

PEGPAB have been used to investigate proteins 
partition in two-phase systems obtained by mixing 
dextran and PEG solutions. The results wJI be 
published in a following paper. 
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I. Introduction 

The purification of biological macromolecules by 
partition in aqueous two-phase systems is based main- 
ly on physico-chemical properties of systems and of 
macromolecules. This is well illustrated by the system 
obtained by mixing aqueous solutions of dextran and 
poly (ethylene glycol) (PEG). Partition of macromole- 
cules in this system depends namely on polyelcc- 
troiytcsand salts concentration [1,2]. Furthermore, 
when charged poly(ethylcne glycol) is added, parti- 
tion depends also on the pi I of the system, and pro- 
teins can be extracted according to their isoelectric 
points (3,4 J . Interactions involved in the process of 
partition arc not specific and a mixture of proteins is 
often obtained in each phase of the system. There- 
fore, it would be of interest to introduce highly spe- 
cific ligands confined to one of the phases in order to 
purify macromolecules selectively by affinity. 

For enzyme purification, the interacting com- 
pound may be a highly specific competitive inhibitor 
attached to PEG, since it is known that, in dextran/ 
PEG systems, PEG is essentially in the upper pliase. 
As a model, p-aminobenzamidine (PAB), a strong 
inhibitor of trypsin, was attached to PEG and new 
macro-inhibitors of trypsin were obtained [5 J . We 

* To whom inquiries should be addressed. 
Abbreviations: ATEL, Macrtyl-L-tyrosine ethyl ester. 
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describe here the effect of one of them, PEG 9000 
PAB, on the partition of trypsin in dcxtran/PEG 
9000 two-phase system. 



2. Materials and methods 

Dextran T 500 (weight average mol.wt. (M w ) = 
450 000 and number average mol.wt. (M n ) = 
194 000) was supplied by Pharmacia, Uppsala, 
Sweden. Polyethylene glycol) (PEG 9000; A/ w = 
9000) was obtained from Fluka. Diamidino-a,ca-dip- 
henylcarbamyl-poly (ethylene glycol) (PEGPAB): 
A/ W s 9000) was prepared as described earlier [5] 
(diamidino-a,cj,-diphcnylcarbamyl-poly (ethylene 
glycol). Trypsin, chymotrypsin, DL-bcnzoylarginine- 
p-nitroanilide (BAPNA) and A'-acetyl-L-tyrosine 
ethyl ester (ATEE) were obtained from Sigma. 

2.1. Phase diagrams 

The binodial for the dextran-PEG- water and for 
the dextran-PEG/PEGPAB (3: 1)- water systems was 
obtained according to Johansson [3] . Water was 
added to mixtures of PEG and dextran solutions at 
room temperature until phase transition occurred. 

22. Two-phase systems 

These were prepared at room temperature in 0.05 
M Tris-HCl buffer pH 8.0. System (A) was obtained 
by mixing 20% (w/v) solutions of dextran and PEG 

North-Holland Publishing Company - Amsterdam 
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with buffered enzyme solutions. System (B) was 
obtained as system (A) but with PEG/PEGPAB (3:1). 
This ratio was selected to obtain full complexation 
of trypsin in regard to A'j value of PEG 9000 PAB 
(2.0 10~ 5 M [5 J) an J concentration of trypsin in the 
system (I0~ 4 M). Increasing concentration of 
PEGPAB is not useful since solubility of trypsin in 
the upper phase is limited. The systems were shaken 
and then centrifuged for 5 min at 1500* . The phase 
volume ratio is about 2. 

2.3. Determination of partition coefficients 

The partition coefficient of PEG 9000 was deter- 
mined by evaporating to dryness an aliquot of the 
upper phase of system (A). The residue was further 
dried in vacuo over P 2 0$ to constant weight. The 
partition coefficient of PEG 9000 PAB was deter- 
mined by measuring the absorbance of each phase at 
270 nm with a Zeiss spectrophotometer PMQ II. 

2.4. Determination of trypsin and chymotrypsin acti- 
vity 

Trypsin assays were carried out with DL-BAPNA 
as substrate (6/7 J . Chymotrypsin assays were carried 
out with A TEE as substrate [8J . All measurements 
were made at 25°C using a Bcckman Acta III spec- 
trophotometer. 

2 .5 . Partition of trypsin and chymotrypsin 
Partitions of trypsin and chymotrypsin were stu- 
died by measuring enzymic activities in the upper 
phase and then expressing them in % of total intro- 
duced enzyme activities. PEGPAB does not affect 
the measurement of trypsin activity since its concen- 
tration in the sample cuvette (0.01 mM) is very low 
in regard to that of substrate (1 mM). 



3. Results and discussion 

3.1 . Phase diagram 

Fig. 1 shows the phase diagrams for system (A) 
and system (B). The binodial obtained when PEG 
PAB is added instead of PEG is close to that obtained 
with unsubstituted PEG. This indicates that the mole- 
cular weight of PEG has not changed during substitu- 
tion [1} in good agreement with our previous results 
15]. 
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I'ig. 1. Phase diagrams for systems PFG9000 -dcxtran water 
and PLG9000/PKG9000PAB (3: 1 )~dextran- water. Pan of 
the binodial separating J-phasc (I) region anu the 2-phasc 
region is shown. 



3.2 . Partition coefficients of polymers 

The determination of PEG 9000 partition coeffi- 
cient was conducted as described above because no 
precipitation was obtained when adding ethanol to an 
ijypcr phase of system (A). This demonstrates the 
absence of dcxtran in the upper phase. The determi- 
ned value of PEG 9000 partition coefficient is 1 .8. 
In system (B), the ratio of PEGPAB concentrations 
between the upper and lower phases is 8.6 as deter- 
mined by spectrophotometry measurements. This 
value is quite different from that of unsubstituted 
PEG and indicates an enhancement of the affinity of 
PEG for the upper phase when />-aminoben/.am;dine 
is attached to each end of the chain. 

3 3. Trypsin partition 

Concentration of trypsin in systems ( A) and ( B) 
w?s I0~ M. In system (A), recovery of trypsin acti- 
vity in the upper phase was 40T of the total activity, 
ftirtition coefficient of trypsin in that system was 
calculated to be 0 33. In system (B) recovery of 
trypsin activity in the upper phase was *>2'7 of the 
total activity. In that system the trypsin partition 
coefficient was 5.7. It appears from these values that 
trypsin concentration in the upper phase is increased 
as much as 2.3 times when PEGPAB is added to the 
two-phase system. In other words, there is a 1 7-fold 
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Table I 

Ionic strength dependence of trypsin partition in 

dextran -PEG9000 (system A) and in 
dextran PEC9000/PEG9000PAB (3:1) (system B). 
Tris- 1 ICI buffer pH 8.0 



Trypsin activity in upper phase 
(in % of total activity) 



V 


System (A) 


System (II) 


0.05 


39 


89 


0.1 


36 


77 


0.2 


35 


89 



Fig. 2. pll dependence of trypsin partition in dcxtran-PEG 
9000 system (A) and in dextran PEG 9000/PEG900QPAB 
(3: 1) system (R). Trypsin activity is expressed as percentage 
of total added activity. 



increase of the trypsin partition coefficient when a 
specific trypsin inhibitor is attached to PEG. Thus, 
the pattition coefficient of trypsin is close to that of 
PEGPAB showing a strong interaction between enzy- 
me and inhibitor. 

The pH dependance of trypsin partition in 
systems (A ) and (B) is shown in fig. 2. In both systems, 
the trypsin partition coefficient exhibits a maximum 
at pH 8.0. The tonic strength dependence of trypsin 
partition coefficient is shown in table I . In system 
(A) t the recovery of trypsin in the upper phase de- 
creased slightly when Tris concentration increased. In 
system (B), no significant effect could be noted. 

Finally, specificity of the extraction of trypsin was 
demonstrated by investigating partition of chymotryp- 
sin in the same systems. When chymotrypsin was 
added as a unique protein to systems (A) and (B) v 
recovery of activity in the upper phase was res- 
pectively 20% and 28% of total introduced activity. 
Thus, the chymotrypsin partition coefficients are 
0.12 and 0.19 respectively, that is, a 1 5 time increase 
in system (B). This is to be compared with the 1 7 
times increase obtained with trypsin. Upon addition 
of a mixture of trypsin and chymotrypsin to systems 
(A) and (B), the trypsin partition coefficient became 
0.26 and 3.35 respectively whereas those of chymo- 
trypsin became 0.1 1 and 0.15. Though there is a 
small decrease in trypsin partition coefficients values, 
PEGPAB still exhibits a highly specific effect. 
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This behaviour is remarkable in consideration of 
very similar properties of trypsin and chymotrypsin. 

Tins effect seems to be applicable to other inter- 
acting systems and its usefulness as a step in macro- 
molecules purification is unjler investigation. 
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